The need for better thermal-hydraulic performance of heat exchangers remains the primary reason for further improving the design of heat exchanger. Various investigations have been carried out on the design and performance of fin-and-tube heat exchangers (HEs). Different HE designs were made available that can enhance the heat transfer and reduce the pressure drop. Recently, existing heat exchangers are either have been improved or replaced by newly emerged heat exchangers with better thermal-hydraulic performance. In this review, fin-and-tube HEs' thermal-hydraulic performance investigation methods and their detailed flow and heat transfer analyses results are summarized. This review also critically surveyed the major heat transfer enhancers and their configuration, geometry and material type effects on thermal-hydraulic performance. Furthermore, a summary of both the theoretical and experimental studies on HEs' performance is made. Also, the effects of tubes dimension, arrangement and number rows on HEs' performance have been discussed. Furthermore, different ways to optimize the geometrical and process parameters of the fin-and-tube HEs were studied, considering the heat transfer enhancement, pumping power, size of the heat exchanger, and other economic factors. Finally, future studies and perspective in the field of fin-and-tube HEs are included.
Introduction
A heat exchanger is a device used to transfer thermal energy between two or more fluids, between a solid surface and a fluid, or between solid particulates and a fluid, that are at different temperatures and in thermal contact [1] . In recent years, a substantial amount of studies have been done to enhance the performance of heat exchangers. The heat exchangers play an important role in industrial, domestics, chemical and power engineering like an intercooler, boiler, air cooler, economizers, and HVAC&R (heating ventilation, air-conditioning, and refrigeration) as well [2, 3] . Different types of heat exchangers are being used in thermal industries. Some of them include fin-and-tube, shell-and-tube, double-pipe heat exchangers, etc. [4, 5] . Depending on the ratio of the heat transfer surface area of the heat exchanger to its volume, the heat exchangers (HEs) can be classified as compact. A heat exchanger is considered as compact if the heat transfer surface area ratio is equal to or greater than 700 m 2 /m 3 for air and equal to or greater than 300 m 2 /m 3 for liquid-or two-phase streams [6, 7] . The main focus of this review is the thermal-hydraulic performance of compact fin-and-tube HEs. The total thermal resistance in compact heat exchangers consists of the three parts, such as the liquid-side convective thermal resistance, the air-side convective thermal resistance, and the wall (tube) conductive thermal resistance [8] . Because of the low heat transfer coefficient on the air side, the dominant part of the overall heat transfer process is the air-side thermal resistance [9, 10] . Consequently, the previous researchers concentrated their efforts to enhance the airside heat transfer by employing extended surfaces to increase the surface area and augment the disturbance of the air flow. In addition, they put a great attention to the effect of different kinds of fin on the performance of HEs because it is one of the most effective tools to enhance the heat transfer rate on the air side [11] [12] [13] .
There are many causes to give special attention to compact fin-and-tube HEs. This study focused on reviewing the recent research related to the compact fin-and-tube HEs. A comprehensive list of experimental and numerical studies in the field of compact fin-and-tube HEs is included. The recent enhancement methods that have been used to increase the thermal performance of fin-and-tube HEs are reviewed. Moreover, the impact of various geometrical factors such as tube shape, tube arrangement, tube diameter, tube spacing (pitch), and number of tube rows on the thermo-fluid characteristics is discussed. Finally, the research gaps which may be considered for new studies and suggestions for future work are described.
Heat transfer investigation methods
The studies on flow and heat transfer characteristic of finand-tube HEs need clear information on the methods to be followed in order to determine the heat transfer and pressure drop values. Reviewing the previous studies related to flow and heat transfer characteristics of fin-and-tube HEs is important.
Basically, most of the thermal and fluid dynamics problems can be investigated analytically, experimentally, or computationally (using CFD). The analytical approach focuses on solving the governing equations accurately, while the experimental approach concentrates on a better understanding of the physical phenomena [14] . The computational fluid dynamics (CFD) approach uses numerical techniques to solve the basic nonlinear differential equations that describe thermo-fluid flow, i.e., the Navier-Stokes, energy and other related equations for predefined geometries and boundary conditions. Although performing CFD requires time and high cost, it can allow the evaluation of the performance of any system configuration without the disruption of the real plant, thereby minimizing the risk inherent in designing large-scale plants. Moreover, CFD makes solving complex thermo-fluid problems easy where the analytical approach is lacking and provides detailed, visualized, and comprehensive information about the problem compared to analytical and experimental fluid dynamics [15] . Therefore, in this section, the reviews on the previous studies are separated into two parts, i.e., numerical analysis and experimental investigations.
Experimental studies
Significant numbers of experimental studies are done to investigate the hydraulic and thermal performance of finand-tube heat exchangers [2, [16] [17] [18] [19] [20] [21] . All of the experimental studies presented in this section were conducted to determine the hydraulic and heat transfer characteristics of fin-and-tube HEs. The impact of tube longitudinal pitch, fin spacing, type of fin, and the number of tube rows on the heat transfer and pressure drop characteristics of finned round tube heat exchangers was experimentally investigated by Kim et al. [22] . The influence of fin thickness on the air-side heat transfer and pressure drop characteristics of herringbone wavy fin-and-tube HEs were studied by Wongwises and Chokeman [23] . In order to determine the overall heat transfer coefficient (h), the product of correction factor-logarithmic method temperature difference has been applied. The results presented that heat transfer factor drops, with the increase in fin thickness, from 0.115 to 0.25 mm.
For example, Tang et al. have investigated the influence of fin patterns on the performance of fin-and-tube heat exchanger. Five different types of fin arrangements namely crimped spiral fin, plain fin, slit fin, fin with delta-wing longitudinal vortex generators (VGs), and mixed fin with front 6-row vortex-generator fin and rear 6-row slit fin were examined. From the experimental results, they found out that the best heat transfer performance was obtained with crimped spiral fin arrangement. However, the high heat transfer was accompanied with high-pressure-drop penalty. Moreover, they conducted a genetic algorithm optimization for VGs' fin and slit fin HEs and compared the experimental results with the numerical analysis. They revealed that heat transfer performance of VGs can be augmented by increasing the VGs' angle of attack and VGs' length or decreasing VGs' height. In another research, Caliskan [24] developed a new punched rectangular and triangular vortex generator that can enhance the heat transfer. To analyze the enhancement, thermal images were acquired through infrared thermal imaging technique. His experimental finding indicated that the punched triangular vortex generators (PTVGs) have the best heat transfer characteristics than that of punched rectangular vortex generators (PRVGs). The parametric space for the position of delta-winglet vortex generators (DWVGs) in heat transfer augmentation for fin-and-tube HEs was examined by Arora et al. [25] in the Reynolds number range of 1415 and 7075 and angles of attack from 15° to 60°. A similar study was conducted by Zdanski et al. [26] to investigate the effect of DWVGs on the air-side thermal performance of round tubes in in-line configuration in external crossflow. The experimental results were compared with published empirical correlations to check their validity. Moreover, they proposed a new empirical correlation to predict the convection heat transfer rate with accuracy of ± 6%. The flow over a bundle of inline elliptical tube was examined experimentally by Khan et al. [27] . Wang et al. [28] provided a detailed experimental comparison between the performance of the louvered and plain fin against semi-dimpled vortex generator. Zhang et al. [29] compared the performance of a bundle of in-line and staggered round tubes having punched VGs with mounted VGs. They found that the naphthalene sublimation method can be used to select fin shape for large Re number with a reasonable accuracy.
Carija et al. [30] compared the air-side performance of two different heat exchangers having flat and plate fins for Reynolds number range of 70 and 350. The authors revealed that louvered fins enhance the heat transfer more than flat fins due to the periodical renewal of boundary layer. Bilen et al. and Kim et al. [31, 32] reported that fin and tube with staggered arrangement yield better heat transfer enhancement than that of in-line arrangement due to the increase in turbulent intensity in the former case. In another study, the effect of angle of attack on the thermal-hydraulic performance of elliptical tube HEs in a Plexiglas wind tunnel was examined by Ibrahim and Gomaa [33] . Their results indicated that the angle of attack has a significant effect on the thermal performance of elliptical tube HEs. The best thermal performance is obtained at 0° (parallel to the major axis) angle of attack, whereas 90° angle of attack (parallel to the minor axis) offered the worst thermal performance. A similar study on the effect of angle of attack on the airside performance of flat tube of HE conducted by Toolthaisong and Kasayapanand [34] indicated that for all Reynolds numbers, with the increase in attack angle from 0° to 90°, Nusselt number and friction factor increase. Tahseen et al. [35] examined the effect of air velocity and heat flux on the heat transfer and pressure drop behavior of a flat tube heat exchanger and compared the results with early published experiment data [36] .
In recent years, sophisticated measurement methods have been emerged such as infrared thermography (IRT), particle image velocimetry (PIV), and computational fluid dynamics (CFD) as well which are capable of examining the flow structure (separation and reattachment) more accurately [37] . Infrared thermography (IRT) was introduced in the early 1960s and has been involved in numerous thermo-fluid investigations to determine the convective heat transfer coefficient [38] . The fundamental idea is that the infrared scanning radiometer (IRSR) detects the electromagnetic energy which has been emitted by an object and then changed into a video signal. Astarita et al. [39] have found that IRT is capable of providing information about the complex flow over a delta wing at a various angle of attacks, position of the reattachment, and separation points over a round tube. Similarly, Leblay et al. [40] developed a new method to measure the convective heat transfer coefficient in a flat tube. Their method is based on IRT to measure the temperature response. Moreover, they claimed that their method might be extended to more complex shapes than plates and cylinders. Vintrou et al. [41] also stated that quantitative infrared method has the capability to predict the local heat transfer coefficient. An experimental examination using IRT technique has been done to observe the temperature distribution over a platefin surface [42] and to measure the local heat transfer coefficient in a plate fin [43] . Because of the widespread use of particle image velocimetry (PIV) as an accurate measurement method for air flow velocity in the internal environment, Cao et al. [44] have put great effort to review the PIV measurement devices showing their accuracy and limitations. The effect of tube spacing on the flow field of staggered tube bank was examined by Zhang et al. [45] . They employed PIV to delineate the flow behavior at Reynolds number equal to 2250. Some of the experimental studies related to flow and heat transfer analysis of fin-andtube HEs are summarized in Table 1 .
General setup used in experimental studies
The experimental studies that have been conducted so far are either for in-line or staggered configurations. Moreover, the tube arrangements for both configurations vary according to the intended use, i.e., they may be arranged horizontally or vertically. For instance, Tahseen et al. [35] have carried out an experimental study on heat transfer and pressure drop in forced convection for fin-and-tube HEs where the tubes are arranged horizontally. On the other hand, the boiling heat transfer of R134a flowing in the inner tube and hot water flowing in the annulus was examined by inside smooth and corrugated vertical and horizontal tube-in-tube heat exchangers, which was carried out by Dalkilic et al. [55] .
The experimental setup widely used by many researchers to analyze the thermal-hydraulic performance of fin-andtube heat exchangers consists of wind tunnel, cooling source (air, R134a, or supercritical CO 2 ), test section, sensor (for measurement of temperature, flow rate, and pressure), heat source, tubes and fins of various sizes and shapes. Usually, the heat flux coming from the actual hot industrial equipment is simulated either by inserting electric heaters inside the tubes or by allowing hot fluid to flow inside the tubes. The fin-and-tube materials can be made up of steel, aluminum, or copper as these materials are commonly used in heat exchangers. To reduce the heat loss to the surroundings, the outer surfaces of the wind tunnel can be covered by an insulator such as polystyrene. The local temperatures on the tube and fin surfaces, as well as the air-side temperatures near to the fins and tubes, can be measured by placing thermocouples (K, J, or T type) at various locations. Moreover, the pressures at inlet and outlet of the test section can be measured using pressure differentials such as TESTO, while the flow rate is measured with high accuracy devices. The temperature, pressure and flow rate values can be acquired using data logger. If a hot fluid is used as a source of heat flux, then cooling equipment is required before the water coming out from the test section is recirculated using pumps. Figure 1 shows a typical example of the complete experimental setup (schematic) used in fin-and-tube HE experimentation.
Numerical researches
In early 1997, Rocha et al. [56] compared the thermal performance of one and two rows of plate-fin-and-elliptical tube HEs with fin-and-circular tube HEs. They found that elliptical tubes perform better than round tubes in terms of heat transfer. Astarita et al. [37] performed three-dimensional (3D) numerical simulations to study the effect of geometrical parameters such as fin pitch, fin thickness, fin height, fin length, and wave amplitude of wavy finned and flat tube HEs. The numerical results indicated that the effect of the five geometrical factors has a significant influence on the thermal performance. Lotfi et al. [57] investigated the impact of fin height and tube ellipticity on the air-side heat transfer characteristics of a new smooth wavy fins and elliptical tube HEs. Results illustrated that thermal-hydraulic performance is enhanced by increasing the height of the wavy fin and reducing the tube ellipticity. Xiaoping et al. [58] established three-dimensional numerical simulations to investigate the influences of fin pitch, louver spacing, and louver angle on the thermal performance. The results have been shown that the heat transfer rate tends to increase with increasing fin pitch and decreasing louver angle. The impact of the fin perforation on the heat transfer performance was examined by Liu et al. [59] . They found out that perforating the fin has a considerable impact; however, it was more obvious at the smaller fin pitch. Moreover, they proposed two solutions to compensate the heat loss due to the perforation.
New methods for designing an efficient fin-and-tube HEs were proposed by Karmo et al. [60] where the tubes were bent in order to produce a zigzag shape. Their new design was analyzed using the commercial CFD software called FLUENT code. The results showed that there was 59% increment in the heat transfer compared to the old models. Similarly, ANSYS Fluent was used by Bilirgen et al. [61] to determine the influence of several geometric parameters such as fin pitch, fin height, fin material, and fin thickness on the air-side heat transfer and pressure drop characteristics of a single-row finned circular tube HEs. The flow considered in their study was assumed to be three-dimensional, turbulent, steady-state and incompressible. Moreover, the RNG k-ɛ model was used to solve Navier-Stoke equations. The results indicated that fin pitch and fin height have a considerable impact on the thermal performance. On the other hand, fin thickness and fin material have lesser influences.
Carija [30] has used a CFD technique to analyze the airside heat transfer and fluid flow characteristics of fin-andtube HEs with plate and louvered fins. The authors revealed that, because of the periodical renewal of the development of the boundary layer caused by the interrupted surfaces in louver fins, the heat transfer performance improved by up to 58% compared to plate fins. Nevertheless, this improvement was accompanied by high-pressure drop; thus, attention should be taken when selecting ideal louvered fins. According to the numerical simulation results of Gong et al. [62] , CRVGs can be used effectively to augment the heat transfer. The use of CRVGs results in an increment in the secondary flow intensity behind the tube, which leads to a reduction in the wake region and therefore enhances the thermal performance. Zhang et al. [21] investigated the effect of air-and water-side velocities on the thermal hydraulic characteristics of two wavy fin-and-flat tube heat exchangers using Equipower heating technique. They obtained that for the water side, the heat transfer increases sharply in the transition region. On the other hand, for the air side, a sharp increase was observed in laminar and nearby to the transition region. Furthermore, irregular distribution of air had a significant influence on the heat transfer and pressure drop characteristics. The heat transfer performance can be deteriorated up to 30% and the pressure drop may increase dramatically up to 90% because of the non-uniform air distribution [20] . Wang et al. [63] developed a three-dimensional model for H-type fin-and-tube HEs. To improve the performance of the HE, Taguchi method was used to optimize the structure. Seven geometrical parameters were studied; the optimized combination enhanced the overall performance by 11.4-16%. Juan et al. optimized the flow structure of plate-fin-and-tube heat exchanger (PFTHE) with offset staggered fin. Generally, offset staggered fin enhances the heat transfer rate, but this enhancement was associated with high-pressure-drop penalty. Juan et al. [64] built 3D model using ANSYS Fluent for the PFTHE before and after the optimization. The results showed the optimized PFTHE increases the heat transfer rate by 6.2% with a reduction in pressure drop and volume by 40% and 2.7%, respectively. According to Singh et al. [65] , the degree of thermal contact area has a significant impact on the performance of fin-and-round tube HEs. They demonstrated that the sample with 75% thermal contact area performs closely to that of 100% thermal contact. It is generally known that the generation of secondary flow (vortices) can enhance the heat transfer considerably. According to Duan et al. [21] , the use of intermittent wavy fin with flat tube heat exchanger enhances the heat transfer significantly because intermittent wavy fin generates both longitudinal and transversal vortices. Some of the numerical studies conducted by various researchers are presented in Table 2 . The table includes detail information about the previous numerical studies, i.e., the channel characteristics, the type of numerical model and scheme, and the operating conditions such as Reynolds number (Re), fin pitch (F p ), fin height (F h ), and fin inclination angle ( ).
General simulation procedure
Simulation analysis of flow and heat transfer in fin-and-tube HEs can be performed using one of following: commercial software (such as ANSYS Fluent and CFX), open-source codes (like OpenFOAM), or in-house codes. For instance, to simulate using ANSYS Fluent, the flow and solid domains can be constructed using ANSYS Design Modeler or other modeling softwares such as AutoCAD and SolidWorks. In this section, simulation procedure for a typical two-dimensional fin-and-flat tube heat exchanger with in-line arrangement is presented. Figure 2 shows the schematic diagram for the computational domain of a typical fin-and-flat tube heat exchanger with in-line configuration. Air flows across the fin and tube surfaces, while constant heat flux is supplied from the tube inner surfaces to the air. Due to the symmetry in the annulus region has increased the turbulence in that region which enhances the heat transfer between the cold and hot sides nature of the geometry, the section represented by the dashed lines in Fig. 2 can be selected as a computational domain. Moreover, the computational domain can be extended by 2-8 times the tube pitch (T p ) in the upstream side to ensure that there is no flow disturbance so that the velocity profile will be uniform when it reaches to the fin and tube surfaces. In addition, the domain can also be extended 3-8 times the tube pitch at the downstream to assure that the outflow can be applied at the outlet and to prevent flow oscillations and reversing effects [66] . Thus, the selected computational domain will be higher than the actual heat transfer area. The next step after geometry creation is meshing by choosing either of the basic triangular or rectangular cell shapes. To ensure a smooth grid transition on the solid-fluid interfaces, the mesh width needs to gradually decrease from the center toward the walls. The material properties are available in ANSYS Fluent material database. However, the thermophysical properties of the flowing fluid available in ANSYS Fluent database may be only at room temperature. Therefore, the thermo-physical properties of the fluids at the desired temperature and pressure need to be manually inserted into the Fluent material database. Once proper thermo-physical properties are set, the boundary condition needs to be specified. For instance, the boundary conditions for flow and heat transfer computation through the geometry shown in Fig. 2 include: (a) pressure and temperature need to be assigned for the inlet boundary. Here, the inlet values can be uniform or variable depending on the flow condition; (b) no-slip conditions are used for all the tube walls. Symmetry boundary conditions need to be assigned to the lower and upper edges; (c) The tube wall temperatures can be fixed or heat flux may be assigned; (d) pressure and temperature values need to be assigned at the outlet. Then, the numerical scheme and residual values need to be set, and the simulation needs to be run for specified number of iterations. However, before drawing a final conclusion about the results, grid independence tests are needed for different cases to make sure that the model is not sensitive to mesh sizes. Finally, depending on the calculation deviation and computing cost, the appropriate grid needs to be chosen.
Heat transfer enhancing methods
For the last four decades, different researches on the heat transfer and fluid flow of fin-and-tube heat exchangers have been conducted. In addition to numerical and experimental studies, state-of-the-art reviews have been performed by many researchers. Fsadni and Whitty [74] have done a comprehensive review of helically coiled tube heat exchangers. Pongsoi et al. [75] have published a review on spiral fin-and-tube heat exchangers. Also, Tahseen et al. [76] have summed up the most credible and effective numerical and 
Vortex generators
Among various techniques used to increase the heat transfer in fin-and-tube HEs, flow manipulator known as vortex generator (VG) is one of the effective approaches. A VG is an aerodynamic device, consisting of a small vane that can be attached to fins of HEs. Vortex can be produced by small flow manipulators or cusps like winglets and wings attached to the fins [78] . In general, VGs enhance the heat transfer rate by producing a secondary flow, even though this secondary flow is weak in comparison with the main flow [79] . Vortex generators can be mounted or punched on the fins surface. Moreover, VGs can be classified according to the axes of vortices direction in comparison with the main flow direction. So, when the vortices axes are parallel to the main flow direction, it is called longitudinal vortices, and when the vortex axes are perpendicular to the main flow direction, they are called transverse vortices [80] [81] [82] . Figure 3 shows the schematic for some of the basic forms of vortex generators. Longitudinal vortices performance is better than transverse vortices since the former can generate all three mechanisms of passive heat transfer enhancements such as increasing the boundary layer, spinning, and flow instability.
Although punched vortex generator can disturb the thermal boundary layer development, it also generates longitudinal vortices to increase the heat transfer near the wall and far away from the wall [79] . Jacobi and Shah [83] and Fiebig [84] carried out a comprehensive review of VGs' heat transfer performance in compact HEs. More recently, Ahmed et al. [78] have summed up all the recent developments of experimental and numerical works using VGs. Due to the heat transfer enhancement associated with the use of VGs in fin-and-tube HEs, an extensive number of researches have been done experimentally [18, 26, 28, [85] [86] [87] and numerically [29, [88] [89] [90] [91] [92] . Wu and Tao [80] examined the thermal performance of laminar flow over the fin-and-round tube HEs by developing a 3D numerical model which has been validated with experimental data and correlations. Two sorts of winglet vortex generators having different angles of attack (30° and 45°) have been investigated. The results indicated that the heat transfer was enhanced when punched winglet pairs were used in comparison with plate fins. Moreover, under similar conditions, the heat transfer associated with delta-winglet longitudinal vortex generators (DWLVGs) and 45° angle of attack was higher by 20-25%, while the DWLVGs with 30° angle of attack increased the heat transfer by 16-20%. This is similar to the result that obtained by He et al. and Lin et al. [8, 93] . On the other hand, the pressure drop values for Fig. 3 Schematic for some of the basic forms of vortex generators [8] DWLVGs with 45˚ angle of attack and DWLVGs with 30° angle of attack in comparison with plate fin were higher by an average of 11% and 9%, respectively.
Following the previous researchers, Joardar and Jacobi [94] compared the efficiency of three rows of VGs against a single-row VGs and baseline arrangements. They found that the best performance was obtained by three rows of VG arrays. Accordingly, the maximum heat transfer enhancement was 68.8%, followed by a single row with 44%. Nevertheless, these enhancements were accompanied by pressure-drop penalty estimated as 26% and 12% for three-row VG and single-row VG arrays, respectively. According to the study by Tion et al. [88] on the influence of punched DWVGs on the heat transfer and pressure drop characteristics of wavy fin-and-tube heat exchanger for in-line and staggered arrangements, for both configurations, a considerable augmentation of heat transfer was observed which in turn was caused by the generated longitudinal vortices (LV). However, for in-line arrangement, the DWVGs generate LV for a long distance. For the staggered configuration, LV at downstream was interrupted due to the blockage of air flow. Thus, the j factor for in-line increased by 15.4% and for staggered by 13.1%. On another study, variations of aspect ratio and angle of attack of DWVGs had a significant effect on the thermal-hydraulic characteristics of a novel fin-and-tube HEs [89] . In addition, the flow direction for fin-and-tube HEs with DWVGs, commonly known as flow-up and flowdown, affects the flow and heat transfer behavior [18] . For instance, at a same flow velocity of 4 m/s for the HE with DWVGs in flow-up direction, the heat transfer performance can increase by 16.5% with corresponding 10% increase in pressure drop, while for the DWVGs in flow-down, heat transfer can increase by 28.2% accompanied by inconsiderable pressure drop. Figure 4 shows model examples of the plain fin, DWVGs in flow-up and DWVGs in flow-down flow directions. The aforementioned results indicate that the addition of DWVGs on the fin-and-tube HEs is a good method to augment the heat transfer and pressure drop characteristics.
Caliskan [24] designed new punched rectangular vortex generators (PRVGs) and punched triangular vortex generators (PTVGs). The results showed that the existence of both PRVGs and PTVGs induced significant increment of heat transfer coefficient in comparison with the plain fin surfaces.
Gholami et al. [95] produced novel winglet vortex generators known as a wavy-up and wavy-down VGs. Moreover, they have performed a 2D numerical simulation to investigate the effect of these two types of VGs. The simulation results were compared with the results of DWRVGs and baseline cases of round tube for in-line arrangement at low Reynolds number range from 400 to 800 and angle of attack at 30°. Their results indicated that both wavy-up and wavydown VGs augmented the heat transfer due to the generation of LVs behind the tubes. The enhancement was significant particularly with wavy up. However, in terms of pressure drop, they revealed that wavy-down rectangular winglet provided a slightly higher pressure drop in comparison with baseline case, unlike wavy-down rectangular winglet which provided the maximum friction factor among all cases. The use of punched longitudinal vortex generators with wavy fin and flat tubes causes a considerable increment in heat transfer between the heated walls and the upcoming cooled air. It increases the pressure drop as well, but the increment is not significant [91] . A novel fin having curved rectangular vortex generators (CRVGs) showed an increment of Nusselt number, friction factor, and local temperature behind the tubes [62] . In separate study, a new fin pattern having curved delta-winglet vortex generators (CDWVGs) attached to fin-and-round tube with a staggered arrangement produces significant increment of heat transfer [79] . This is due to the generation of secondary flow behind the tubes which reduces the size of wake region and thus enhances the heat transfer. Wang et al. [96] proposed a novel LVG which contains adjusted rectangular wings and trapezoidal wings and known as novel combined winglet pairs (NCWPs). Compared to the HEs without LVGs, the heat transfer in NCWPs is enhanced by maximum of 24.2%. Moreover, the maximum [18] pressure drop increment was registered as 29.1%. Therefore, it is recommended that the NCWPs should be implemented in thermal applications instead of LVGs in order to achieve higher heat transfer coefficient. In general, it can be concluded from the above review that the addition of VGs has a significant effect on the thermal-hydraulic performance of fin-and-tube HEs regardless of the tubes arrangement. The results from previous researchers recommended that the favorable heat transfer characteristics due to VGs' addition will allow one to effectively handle high temperature without excessive fin sizes and material mass and hence low cost. The effects of various VG additions on heat transfer are summarized in Table 3 . The heat transfer performance is usually better at high angle of attack and large number of rows due to production of secondary flows even though these secondary flows are weak in comparison with the main flow. In addition, the results showed that CARWVGs yield significant amount of heat transfer enhancement, especially with the small angle of attack. This is due to the creation of stream-wise vortices as a result of curvature structure. At a high angle of attack, the best heat transfer performance is obtained when using RTWVGs because of the greater area facing the upcoming air flow which induces of stream-wise vortices.
Extended surfaces
There are several kinds of heat-transfer-enhancing mechanisms that have been introduced in many industrial applications. One of the methods is the addition of extended surfaces (also known as fins), which can lead to an increase in the heat transfer by increasing surface area. The extended surfaces may be discontinuous (where the fins are cut on a tube-by-tube basis) or continuous fins. However, most of the extended surfaces that have been applied in fin-andtube HEs are continuous fins, such as wavy, louvered, plain, slit, and spiral fins. Thus, their enhancement and associated impact on thermal-hydraulic performance are reviewed comprehensively.
Wavy fins
Wavy fins are one of the continuous fins used in fin-andtube HEs. Many researchers have investigated the thermal-hydraulic performance of wavy fin-and-tube HEs numerically and/or experimentally. For instance, a threedimensional computational fluid dynamics model has been developed by Khoshvaght et al. [37] to predict the heat transfer and friction characteristics of wavy fin-and-flattube heat exchangers. The result indicated that both heat transfer and friction factors increased with increasing Re for all flow regimes (laminar and turbulent). Some of the researchers such as Lotfi et al. [57] combined wavy fins with winglet vortex generators and produced a novel fins pattern with a significant ability to enhance heat transfer performance of fin-and-tube HEs. Moreover, the waviness amplitude has a significant effect on the thermal-hydraulic performance, whereas the wavy fin profiles such as sinusoidal, triangular, and triangular round corner have a negligible influence on heat transfer characteristics [17] . Also, the wavy length impacts the thermal performance [19] . Furthermore, the fin geometry (i.e., fin length, height, and spacing) of a wavy fin impacts the thermal-hydraulic performance in such a way that both the Colburn factor (j) and friction factors will decrease with the increase in R e from 800 to 6500 [100] . In contrast, as the fin pitch increases the j and friction factors tend to increase as well, while fin height has no considerable influences on both j and friction factors.
A through body-fitted coordinates (BFC) method that developed by Tao et al. [101] was to examine the influences of the wavy fin and tube on the heat transfer and pressure drop characteristics. Their results showed that Nusselt number tends to increase with increasing Re number. Moreover, the wavy angle can cause a significant impact on the local Nusselt number and fin effectiveness. Thus, the wavy angle at inlet should be greater than at outlet to enhance both heat transfer and pressure drop characteristics. In another study, thermal-hydraulic performance of three types of wavy fins, namely discontinuous wavy fin, staggered wavy fin, and wavy fin with vortex generators, was compared. Maximum heat transfer value was obtained with a wavy fin with vortex generators, while maximum pressure drop was observed when staggered wavy fin used [102] .
Internal wavy fin-and-tube (IWFT) HEs can be considered as internal wavy fined HEs and may enhance the heat transfer by increasing the surface area and decreasing the boundary layer development. Lately, great attention has been given by many researchers to examine their effects on the thermal-hydraulic performance [103] [104] [105] . Figure 5 shows some of the constructions of IWFT used by Peng et al. [105] . Such types of fins create vortices near the wavy section of the fins which produce a secondary flow and enhance the turbulent intensity and therefore augment the heat transfer. Moreover, the wave angle has a great impact on thermal performance where the smaller angle producing larger heat transfers augmentation. The fins may have sharp or round corners. The thermal performance of wavy fins with sharp corners is better than round cornered wavy fins [21] . Moreover, better heat transfer performance can be achieved using intermittent wavy fin-and-flat tube HEs when the fin spacing, wave amplitude, and wave spacing are equal to 3.0 mm, 2.3 mm, and 9.5 mm, respectively [21] . Semi-dimple vortex generator in the fin-and-tube heat exchanger Semi-dimple exhibits the highest heat transfer coefficient -Attack angle of semi-dimple is most influent on the thermal performance [98] Longitudinal vortex generators (LVG) The LVG pitch has a complicate effect on the thermal performance.
-
The increase in the LVG height and LVG attack angle can improve the heat transfer performance [99] 
Louvered fins
Louvered fin-and-tube HEs are when a set of angled fins are fixed to the tubes at regular intervals. Louvered fins are used in many industrial applications such as engine cooling, airconditioning devices, aircraft, air chiller, car radiators, condensers, and evaporators [106] . The louvered fin is a highly popular fin due to its advantages over continuous fin designs in such a way that each louver initiates new boundary layer growths for the airflow, leading to a higher convective heat transfer than that of a continuous fin [107] . Moreover, it enhances the heat transfer coefficient by cutting the boundary layer periodically to reduce the boundary layer thickness [32] . Several theories have been proposed to explain louvered-fin flow behavior. Some researchers argue that louvers are simply used to make the flow turbulent, disturbing the airflow path and thereby increasing fluid mixing. Others believe louvers align the airflow in the louver direction creating a series of miniature flat plates with heat transfer typical of flat-plate boundary layers. The complexity of the flow and the difficulty in constructing a large array of test samples have limited louvered-fin flow modeling efforts. In most cases, louvered fins are welded to a flat or round tube, and they contain arrays of flat plates set at a certain angle to the incoming airflow [108] . Louvered fin and its key geometrical parameters are shown in Fig. 6 . The first inclusive work regarding the performance of louvered fin-and-flat tube heat exchanger was carried out early by Achaichia and Cowell [109] . Moreover, Carija et al. [30] compared the thermal performance of circular tubes having louvered and flat fins, and they found that better heat transfer occurred with louvered fin-and-tube HEs. On the other hand, the pressure drop increased to some extent. This was due to the fact that the sporadic surfaces encouraged the regeneration of the boundary layer development which leads to augment the average heat transfer coefficient. Because of its great heat transfer augmentation and surface compactness, multi-louvered fins have been experimentally [110] [111] [112] [113] [114] and numerically [115] [116] [117] [118] studied in recent times. Furthermore, Liang et al. [119] examined the influence of the louver fin height on the heat transfer characteristics of automotive heat exchanger (condenser and evaporator). The results showed that for the condenser, the shorter louver fins improved the heat capacity by 3-8.6%, and for the evaporator, there was 9.3% reduction in the volume with the shorter fin; however, the pressure drop increases by 8.3-15.1%. Louver fin inclination angle also has a significant effect on the performance of louvered fin-and-tube heat exchanger in free convection. The smallest the louver angle, the larger the heat transfer rate. This is because of the interception caused by the louvers which converse the trend of the heat dissipating against the flow-up bulk air [106] .
In the different studies [108, 118, 120] , the louvered fins have been combined with some kinds of VGs and presented the complex behavior of the flow. The location of the DWVGs must be taken into consideration when designing integrated louvered fin with VGs [108] . The VGs should not be located in the wake regions behind the tubes particularly due to the insignificant impact on heat transfer performance. The usage of VGs with louvered fin enhances the heat transfer and decreases the pressure drop; however, the generated vortices behind the tubes do not spread away because of breakdown caused by the Louvers [120] . More recently, Wang et al. [28] reported that at the same condition, louvered fin provided the highest heat transfer coefficient in comparison with semi-dimple fin VGs and plain fin. An optimization for louver fin combined with DWVGs has been done by Dezan et al. [121] using surrogated-based optimization tool with factors such as louver angle, DWVGs' position, and angle of attack. The two optimized geometries showed significant enhancement in heat transfer up to 21.3-23.5% for the first geometry and up to 13.5-15.7% for the second geometry. Pressure drop also increased up to 24.7-36.7% and 20.3-23.7% for the first and second geometries, respectively.
Slit fins
Slit fins are another type of fins which has a great ability to enhance the thermal-hydraulic performance in fin-and-tube HEs. Although slit fins have a significant impact on the thermal-hydraulic characteristics, they have received less attention. Thus, the available studies on the slit fins are still very limited [122] [123] [124] [125] . Nakayama and Xu [122] and Garimella et al. [123] developed correlations for both heat transfer and pressure drop. In general, slit fins provide the best heat transfer rate, particularly at high air velocity in comparison with the DWLVGs and plain fins [2] . The enhancement in heat transfer uses slit fins mainly because of the periodical disturbance of the main flow, break and renew of the thermal boundary layer caused by the slit fins [126] . Moreover, for the same tube spacing, slit fin-and-tube HEs performed better than flat fin-and-tube HEs with heat transfer enhancement up to 65-73.3%, but the pressure drop increases up to 39.1-45.7% [127] .
Spiral fins
Similar to the slit fins, the spiral (helical) fins have received less attention over the past years [128] [129] [130] [131] . The spiral finand-tube HEs are used in thermal systems such as waste heat recovery units (WHRUs). The spiral fins can further classified into L-footed, crimped, embedded, serrated, and welded spiral fins as shown in Fig. 7 . Some of the factors that affect the thermal-hydraulic performance of spiral fin-and-tube HEs include pitch [132] [133] [134] and number of tube rows [135] . When compared to the conventional round fins, the spiral fins yield the highest heat transfer coefficient because of the generation of rotational vortices downstream of the tubes. Furthermore, fin twisting and number of fin segments have a significant effect on the heat transfer performance. For instance, fin twisting and number of fin segments per period for helical serrated fin-and-tube heat exchangers, at the same input power, and heat transfer coefficient obtained when using serrated fins can be up to 9% higher than that with full-scale fins. In addition, the save in material may be up to 12.3% when using serrated fins [128] .
Dimple surfaces
A dimple is an innovative and effective method used to enhance heat transfer in heat exchangers. It can be achieved by making the surface of the fin curved inward instead of adding ribs. Dimple surfaces are expected to serve as vortex generators. Thus, they boost the turbulent mixing in the air flow, especially near the wall flow region, and this improvement usually is accompanied with low-pressure-drop penalty as they do not bulge into the flow stream [136] . The augmentation in heat transfer rate and pressure drop can reach up to 1.25-2.5% and 1.08-3.5% times that of a smooth surface, respectively [137] [138] [139] [140] [141] . Asanayev et al. [142] examined the effect of spherical dimples on the heat transfer and pressure drop characteristics. They reported that there was a magnificent increase in heat transfer of up to 30-40%. Moreover, Chyu et al. [143] studied the hydrodynamic performance of flat surfaces having several dimple shapes. Their results showed that the concavity enhanced the heat transfer by 2.5 times compared to the smooth surface and reduced the pressure drop by half compared to that obtained by the rib tabulators. The flow structure and temperature distribution along flat dimples showed vortex sheds which enhanced the Nusselt number downstream of each dimple [144] . The teardrop dimple has the greatest heat transfer enhancement of 18%. However, the pressure drop penalty was augmented by 15-35%. Moreover, there is less recirculation flow separation in the upstream half of the teardrop dimple in comparison with the spherical dimple. Small heat transfer rate will occur in the upstream due to the recirculation and flow separation. In contrast, in the downstream, there is a magnificent heat transfer rate as a result of the high turbulent mixing resulted from vortex shedding [144, 145] .
Field synergy principle can be used to compare the heat transfer performance between different types of fins such as dimples, cylindrical grooves, and low fins. From the aforementioned three fin types, the best performance can be obtained by mini-channels with dimple surfaces [146] . The dimples may have ellipsoidal and spherical shapes. In comparison with a smooth tube, ellipsoidal and spherical dimples enhance the heat transfer rate by up to 38.6-175% and 34-158%, respectively [147] . For external flow over a flat surface with 45-degree ellipsoidal dimples having in-line and staggered configurations, the high heat transfer can be achieved by staggered configuration compared to the smooth surface [148] . A similar result was obtained by Vicente et al. [138] for low Reynolds turbulent flow. The usage of shallow square dimples over flat tube heat exchanger has been found to be beneficial since the heat transfer performance factor ranged between 1.37 and 2.28 [140] . Other factors that may affect the heat transfer performance using dimple finned HEs are dimple pitch and radius. However, one study has shown that the influence of dimple radius on heat transfer characteristics is high, while the effect of dimple depth is insignificant [149] . Another study stated that as the dimple depth increases the velocity fluctuation intensifies inside the mixing layer which augments the heat transfer [150] . Combining dimple fins with other types of fins may enhance the heat transfer performance. For instance, combining louvered fin with in-line and staggered dimple tube configurations will create circulation region which results in heat transfer augmentation [151] .
From the aforementioned review, it can be concluded that the effect of various fin types on the heat transfer is rather complicated. Firstly, the wavy fin has a magnificent impact on the heat transfer and pressure drop of fin-and-tube heat exchangers as it decreases the development of the boundary layer. Thus, it is suggested to use combined wavy fin with VGs to get maximum heat transfer enhancement. The louver fin also enhances the thermal performance because it disturbs the main flow, initiating new boundary layer, and therefore increases the turbulent intensity. The results of the aforementioned reviews showed that combining louver fin with VGs leads to the best heat transfer performance. However, the location of the VGs should be taken into account to get the maximum possible enhancement. In addition, the slit fin enhances the thermal hydraulic performance of finand-tube HEs because of the periodical disturbance caused to the main flow. Similar to slit fin, split fin also enhances the heat transfer significantly in comparison with conventional round tube; this is due to the generation of the rotational vortex downstream of the tube. Lastly, dimple surfaces enhance the heat transfer rate but with less-pressure-drop penalty compared to the above-mentioned fin types. Table 4 shows the summary of the impact of fin type and dimple surface on the heat transfer and pressure drop of fin-and-tube HEs.
Geometrical factors that affect flow and heat transfer
Some of the factors that control the pressure drop and heat transfer characteristics of fin-and-tube HEs can be broadly categorized as: those related to the tube (i.e., tube shape, tube spacing, tube diameter, and number of tube rows), those related to the fins (i.e., fin height, fin material, fin spacing), and external mass flux. Therefore, a good understanding of these influences is very important for the facilities which use fin-and-tube HEs as a means of heat transfer. The aforementioned parameters on flow and heat transfer in fin-and-tube HEs have been widely investigated. A brief evaluation of the parametric effects on heat transfer and flow behavior is presented here. Moreover, inconsistencies are discussed and possible reasons are proposed.
Effects of tube parameters
The tube parameters that affect the thermal-hydraulic performance of fin-and-tube HEs include the type of tube used, the size of the tubes, the spacing between the tubes, the tubes arrangement, and the number of tube rows. Thus, in order to get clear understanding how these factors impact the performance of the HE, this section dedicated to summarizing the previous experimental and numerical works.
Effect of tube shape
Generally, there are three types of tubes that have been commonly used in many thermal applications: circular, elliptical, and flat tubes. The elliptical and flat tubes have received a considerable research attention [154] [155] [156] [157] [158] [159] . From the aforementioned tube types, elliptical tube heat exchangers are commonly implemented in Heating Ventilation and Increased by average of 9.3%
The combination between the louvered fin and VGs presented a complex flow behavior. However, enhanced the heat transfer considerably The location of VGs is essential to get the maximum enhancement [119] Louver with DWVGs [121] Increased by average of 21. Increased by an average of 38.6-175% for the ellipsoidal dimples and by 34-158% for spherical dimples
Increased by average of 29%
The combination between other fin shapes and dimple will increase the heat transfer rate further [147] Internally star fins Fin geometry: smooth, straight wavy, curved wavy, regularly spaced [152] Thermal performances of all investigated cases are higher than unity Adding fins increases the pressure drop too due to increment of friction forces
The highest value of thermal performance factor belongs to tube with straight wavy 10 star fins by the value of 2.96
Laterally perforated plate-fin heat sinks (LAP-PFHSs) [153] The optimized LAP-PFHS demonstrates 10.6% greater thermal performance and 28% lower volume of heat sink material than SFHS -Diameter and number of perforations have a significant effect on the thermal performance of LAP-PFHSs.
Air Conditioning systems rather than round tube [57, 160, 161] . Moreover, elliptical tubes provide low pressure drop and high heat transfer rate, and they further reduce the fouling around the tubes [162] . This is due to the good aerodynamic profile of elliptical tubes which result to a small wake region behind the tubes. At same inlet velocity and tube aspect ratio, the air-side heat transfer and pressure drop produced by elliptical tubes are smaller by 6.9% and 45.9% than the round tube. Similarly, for same aspect ratio, the air-side heat transfer and pressure drop yielded by elliptical tube are smaller by 0.6% and 2.5% than air pressure drop [163] . With the aim of designing a low-cost compact heat exchanger which has low noise level, Gustafsson et al. [164] compared the performance of two sorts of heat exchangers having flat and circular tubes. They obtained that flat tube heat exchangers are more appropriate and desirable due to the low noise associated with the flat tube HEs. Moreover, circular tubes need twice the volume of flat tube to provide the same heat output.
Effect of tube spacing
The other factors that affect the performance of fin-andtube HEs are longitudinal and transverse tube spacing. For instance, for slit and plain fins with circular tube HEs, the small tube pitches result in high Nusselt number values. On the other hand, the effect of tube spacing on the friction factor is very limited. According to the study of Kong et al. [127] , the recommended transverse and longitudinal tube spacing are in the range of 30-45 mm. Moreover, they have revealed that increasing the tube pitch results in a reduction in the thermal performance. This is due to the considerable reduction in the air velocity at the minimum flow area. Similar trend can be found in prior works of Xie et al. [9] and Wang et al. [165] who have examined the influence of tube pitch on the performance of fin-and-tube HEs. Three tubes with different shapes and tube spacing ratios of 1.2, 1.5, and 2.0 were studied in the range of Reynolds number between 100 and 300. The results revealed that heat transfer rate increases with the decrease in the tube spacing. According to Jayavel and Tiwari [166] , tube-to-tube spacing (separation) has a considerable impact on the heat transfer from the tube surface. They reported that heat transfer is increased with the decrease in the tube separation similar to the aforementioned studies. Nevertheless, the enhancement is associated with an increase in pressure drop penalty. More interesting results were obtained and showed that as the tube spacing reduces, staggered configuration performed more efficiently than in-line tube configuration. Moreover, Kim [167] examined numerically the impact of longitudinal tube pitch on the thermal performance of in-line tube banks. The results revealed that with the reduction in longitudinal tube spacing the heat transfer rate increases significantly by 37% that cannot be explained appropriately using Žukauskas equation [168] . More interestingly, they found that the impact of longitudinal tube pitch is insignificant when the longitudinal tube ratio is greater than 2.7. Thus, a series of modification assessments has been done on Žukauskas equation [168] in order to increase the accuracy of heat transfer prediction.
Effect of tube diameter
Tube diameter would be another influencing factor for the thermal performance of fin-and-tube heat exchangers. The average heat transfer depends mainly on the outside diameter of the tube [169] . When the tube diameter is changed, the flow will vary as well. The velocity at the smallest cross section is increased to a certain degree with increasing tube diameter. Moreover, the recirculation zone behind the tube is also increased. Usually, the pressure drop increases as the tube diameter increases [170, 171] . Mavridou et al. [172] investigated the effect of uneven tube diameters on the heat transfer, pressure drop, flow fluctuations, and fouling. They demonstrated that there was an enhancement in heat transfer up to 40% associated with a slight increment in pressure drop as compared to the common tube bundle (with equal diameters). Moreover, they revealed that unequal tube bundle performs well in terms of wake area behind the tubes. Thus, vibration and fouling are anticipated to be lessened. In a separate study, it was observed that both heat transfer and pressure drop increased with the increase in tube diameter [126] . Moreover, Cobian-Iñiguez et al. [173] illustrated that the impact of the tube diameter on the overall thermal-hydraulic performance is negligible, particularly at low velocities, but it is more pronounced at high velocities. According to Xie et al. [9] , increasing the tube diameter results in a decrease in both heat transfer and pressure drop. Thus, small tubes' diameter is employed in refrigeration engineering applications in order to enhance the heat transfer.
Effect of tube arrangement
In general, tube bundles might be arranged either in in-line or in staggered arrangements. Most of the time-staggered arrangement provided higher heat transfer factor compared to in-line arrangement due to the increase in turbulent intensity [32, 46] . The increment in heat transfer coefficient for staggered arrangement may be 15-27% higher than in-line configuration. On the other hand, in-line arrangement can provide the lowest pressure drop penalty. It is revealed in other research work that the heat transfer enhancement with staggered configuration is higher by 7-10% than with in-line alignment [22] . For flat plate fin-and-tube HE, the thermal performance of staggered arrangement increased by 20% [88] . Furthermore, at the same Re number, staggered tube configuration provides higher heat transfer than in-line tube configuration due to the fact that staggered alignment creates stronger horseshoes vortices than in-line configuration [48] . The staggered configuration cut the boundary layer development and supplied the leading edge for a new boundary layer [174] . Therefore, the flow mixing intensity increases comparatively even at low Re number, as a result of a considerable increase in the heat transfer factor. Contrary to the above cases, when combining wavy fin with punched DWVGs, inline arrangement yields better performance than staggered arrangement [88] . In this case, the heat transfer and friction factors can increase by 15.4% and 10.5%, respectively, for the in-line arrangement, while the improvements are 13.1% and 7.0% for the staggered arrangement.
Effect of tube rows
The impact of tube row on heat transfer and pressure drop characteristics of plate fin-and-round tube heat exchangers is significant in such a way that the heat transfer decreases with the increase in the number of tube rows regardless of the tube configurations [32] . Nevertheless, for staggered configuration, the effect of the number of tube rows becomes insignificant for tube rows greater than 4. Similar results have been documented from the works of Jang et al. [46] . In the louvered and semi-dimple HEs, the influence of the number of tube rows on heat transfer coefficient is very little [28] . However, for the plain fin the effect of the number of tube rows is quite noticeable. In general, it can be concluded from the above review that the tube parameters have a significant effect on the heat transfer and pressure drop of fin-and-tube HEs. The results from previous researchers suggest that the favorable heat transfer characteristics of fin-and-tube HEs result in the use of elliptical tubes with reduced tube diameters and tube spacing. These result in low-pressure drop, high heat transfer rate, and reduced fouling around the tubes due to the small wake. Hence, the use of smaller elliptical tubes in a gas cooler will allow one to effectively handle high pressures without excessive wall thickness and material mass. Moreover, the heat transfer (HT) performance is usually better at smaller tube diameter for both in-line and staggered arrangements regardless of the mass flux. For in-line, the flow is prone to deteriorate, while the pressure drop decreases significantly. Staggered arrangements are favorable for better heat transfer compared to in-line. Furthermore, it can be noted from the above review that the heat transfer decreases as the number of tube rows increases. In general, the ideal combination of tube parameters for fin-and-tube heat exchangers for good performance of heat transfer and pressure drop is using small rows of elliptical tubes with reduced tube diameters and pitch aligned in staggered arrangement.
The effects of tube parameters on the heat transfer and pressure drop are summarized in Table 5 .
Effects of fin parameters height, fin material, fin spacing
In addition to tube parameters, fin parameters such as fin height, fin spacing, and type of fin material affect the thermal-hydraulic performance of fin-and-tube HEs significantly. Thus, in this section, the previous works that focused on the effects of fin parameters on the heat transfer and pressure drop performance of fin-and-tube HEs are summarized.
Effect of fin height
The main purpose of using fin-and-tube HEs in thermal equipment is to remove excess heat from the equipment. Researchers have examined different methods to enhance the heat transfer and reduce the pressure drop. One of them is using fins with various heights. The result of Mirkovic [171] has been shown that for staggered arrangement the pressure drop increases and heat transfer decreases as the fin height increases. On the other hand, a different phenomenon was observed from the work of Khoshvaght et al. [37] for the heat transfer in which it tends to increase with increasing fin height. In their work, the fin height effect on the friction factor was very limited. Similarly, Lotfi et al. [57] and Cho et al. [176] noted from their numerical results that the larger fin height provides the highest thermal performance. The fin height increment from 0.95 mm to 1.15 mm enhanced the heat transfer by 3-4%; however, this enhancement was accompanied with an increment of pressure drop by 39-41% [176] .
Effect of fin material
Another parameter that affects the performance of finand-tube HEs is fin material. For instance, Pongsoi et al. [133] experimentally examined the thermal performance of crimped spiral fin-and-tube HEs where the fins were made of copper (Cu) and aluminum (Al) materials. The results showed that fin material has a negligible effect on the thermal performance of the heat exchanger. However, as expected, fin efficiency of the copper fin is higher than that of aluminum fin due to the fact that higher thermal conductivity of copper fin will result in high fin effectiveness. Moreover, Bilirgen et al. [61] compared the performances of three fin-and-tube HEs where the fins were made of plain carbon steel, aluminum, and copper materials. Even though the heat transfer increased with increasing thermal conductivity of each fin material, they reported that fin material has no considerable influence on the heat transfer due to the fact that convective thermal resistance is much larger than the conductive thermal resistance. In a separate study, Xie et al. [9] studied the effects of copper and aluminum fin materials on the heat transfer. From their results, it was noted that the heat transfer for copper fins was higher than that for aluminum fins. A higher conductivity of fins results in a reduction in the thermal resistance; hence, the thermal performance of conductive fin materials will be enhanced by high air Reynolds number flow. Generally, corrosion of the fin surface causes deterioration of the performance of heating and ventilation application systems that work in longterm use. Thus, a lot of efforts have been made to eliminate electrochemical corrosion occurrence. For instance, the impact of fin material on the corrosion has been examined experimentally by Zhao et al. [177] . Two evaporators with different fin materials (aluminum and copper) were used for standard salt spray tests. They illustrated that the evaporator with Cu fins has larger cooling capacity and overall heat transfer coefficient before and after the occurrence corrosion, due to larger thermal conductivity of Cu. Moreover, the air-side pressure drop for Al fins increased slightly after corrosion. However, for Cu fins, the pressure drop decreased. Similar results were obtained from the work of Deng et al. [178] as they reported that highest thermal resistance is directly related to highest heat transfer coefficient.
Effect of fin spacing
In fin-and-tube HEs, selection of the right spacing between fins is essential for better thermal-hydraulic performance. This is due to the fact that the heat transfer is highly dependent on the boundary layer over the fin surfaces, which, in turn, will be influenced by the gap between fins. Generally, it is expected that flow with small gap between fins will have big boundary layer, hence reducing the thermal performance. Therefore, a great care should be taken when determining the allowable fin spacing in the design of fin-and-tube HEs. Examples of various fin pitch sizes are presented in Fig. 8 . Many researchers have studied the effects of fin spacing on the thermal-hydraulic performance of fin-and-tube HEs. For instance, Chen and Ren 
Remark
Tube shape: Circular, elliptical, and flat tubes Enhanced HT for elliptical tubes followed by flat tube [162] Reduced HT for elliptical tubes [163] Reduced Δp for elliptical tubes [162, 163] The ideal combination of tube parameters for finand-tube heat exchangers for good performance of heat transfer and pressure drop is using small rows of elliptical tubes with reduced tube diameters and pitch aligned in staggered arrangement [22, 32, 46, 48, 126] In-line arrangement provided the lower pressure loss [46] Tube rows (N): [179] have investigated the effect of fin spacing on a two-row plain fin-and-tube HEs. Moreover, the impact of fin spacing on the fin temperature and the heat transfer coefficient of plain fin-and-tube HEs was studied by Chen and Hsu [47] . They reported that heat transfer coefficient increases with increasing fin spacing. Contrary to this, the temperature distribution along the fins reduced. Kim and Kim [32] investigated experimentally the influence of the fin pitch on the thermal-hydraulic performance of plate-fin-and-circular tube heat exchanger in an in-line and staggered arrangement. The results showed that the j factor increased proportionally with the increase in fin pitch at low inlet air velocity. However, for large values of air velocity, the reliance of fin pitch on the heat transfer reduced. It was indicated in some research works that the impact of fin pitch on the thermal-hydraulic performance of finned and circular tube heat exchangers is not considerable, especially for the larger fin pitches [22, 23] . At higher fin pitches, the boundary layer disruption is slowed down [174] . Consequently, because of the delay, heat transfer is enhanced for higher fin pitches. Smaller fin pitch provides high heat transfer particularly for the louvered fin compared to plain and semi-dimple fins [28] . Using flow visualization and numerical simulation, Romero-Méndez et al. [180] examined the effect of fin spacing on the performance of a single-row fin-and-tube HEs. They revealed that fin pitch has a strong impact on the heat transfer and friction characteristics. In HEs with crimped spiral fins, due to better air mixing at higher Reynolds number, the heat transfer enhanced regardless of the changes in the fin pitch size [133] . However, the friction factor slightly increases for higher fin pitch sizes. Similar heat transfer results can be obtained when using L-footed spiral fin-and-tube HEs [132] . Generally, it can be concluded from the above reviews that the fin parameters (height, material, and spacing) have a significant effect on the heat transfer and pressure drop characteristics of fin-and-tube HEs. Nevertheless, the influence of fin pitch is quite complicated and depends on the type of fin (plain, louvered, wavy, etc.) and air velocity, as it is more pronounced at low air velocity and low fin pitch. The outcomes from aforesaid review revealed that fins with higher thermal conductivity and height fin spacing result in a better heat transfer and pressure drop characteristics. Thus, the favorable heat transfer characteristics in fin-andtube HEs are to use high conductive materials with larger fin height and fin spacing. The effects of fin parameters on the heat transfer and pressure drop are summarized in Table 6 .
Optimization
Generally, there are three main goals in the optimization of the heat transfer and fluid flow of the fin-and-tube HEs. The main goals are: (1) maximizing the heat transfer performance; (2) minimizing the pumping power; and (3) minimizing the entropy generation. Salviano et al. [181] performed an optimization of winglet-type vortex generator positions and angles in plate-fin compact HEs using response surface methodology (RSM) and direct optimization (DO) methods. Four VG factors which have an influence on the thermal performance of compact finned and tube heat exchangers were considered. These factors are including the LVGs position in x-y directions, roll angle (φ) and attack angle (θ). The results showed that the optimized VGs' configuration in their works led to higher heat transfer enhancement than that reported in the open literature. They also indicated that DO method provided better results when compared to RSM method for all examined factors. Similarly, Salviano et al. [48] performed an optimization for several interacting factors of LVGs such as LVG locations (streamwise and spanwise), angles of attack and the shape in order to get an ideal arrangement of the VGs. The results showed that the optimized arrangement has higher heat transfer augmentation than previously published works. Moreover, they found that RWVGs are more appropriate to maximize the thermal performance, and the optimal ratio between the height of VGs and fin pitch is found to be 0.6, not 0.5. Lastly, they illustrated that higher heat transfer enhancement can be achieved for staggered tube arrangement when using VGs in common flow up instead of common flow down, and the location of VGs should be adjacent to the minimum flow area in the stream-wise direction.
A multi-objective optimization was carried out by [182] . The optimization results indicated that the heat transfer performance is enhanced by 12.83% and the pressure drop is reduced by 26.9%. Similarly, [183] employed a multi-objective optimization approach to optimize the performance of plate-fin-and-tube heat exchanger. The effect of fin offset length, fin length, and fin height was considered as optimization parameters. Moreover, the operating cost and investment cost were also optimized. However, further investigations are still required to optimize many factors such as fin type, fin height, fin thickness, fin length, tube arrangement, tube diameter, tube material, flat tube inclination angle, position, and the placements of the VGs, so that the best design of HEs with reasonable price and compactness can be produced for industrial engineering applications.
Future work
Compact heat exchanger is one of the vital heat transfer equipments in various technical applications. Depending on the application, compact HE is required to enhance or degrader the heat transfer with minimum pressure drop. From this review, it can be observed that small changes in the HE design such as addition of fins and changing geometric parameters produce big changes in the thermal-hydraulic Table 6 Summary of effect of fin parameters on the heat transfer and pressure drop in fin-and-tube HEs 
Remark
Fin height Enhanced HT for higher fin height [37, 57, 176] Lower heat transfer characteristics achieved with higher fin height [171] Increasing fin height causes an increment in pressure drop [57, 176] Fin height has insignificant effect on the pressure drop [37] The optimum combination of fin parameters for finand-tube heat exchangers for good performance of heat transfer and pressure drop is using fin with higher thermal conductivity and higher fin height Fin material: Cu and Al fins [9, 133, 177] Plain carbon steel, Al and Cu fins [61] Better thermal performance obtained with copper fin due to the higher thermal conductivity of the copper in comparison with aluminum [9, 133, 177] Fin material has an insignificant impact on heat transfer characteristics due to the fact that convective thermal is generally higher than conductive thermal resistance [61] Pressure drop increases Al fin, while for Cu fin the friction factor decreases [177] Fin spacing: Better heat transfer characteristics obtained with higher fin spacing [47, 134] At low air velocity, increasing the fin pitch enhances the heat transfer. Nevertheless, at high air velocity, the impact of fin pitch is negligible [32] At high fin pitch, the influence of fin pith is insignificant [22, 23] Fin pitch has minor impact on the heat transfer coefficient [132] Fin spacing has an inconsiderable impact on friction factor [134] Increasing fin pitch causes small increase in friction factor [23, 37] performance. For the above reasons, determination of the optimum fin shape, fin spacing, tube size, and tube spacing values for better heat transfer enhancement/degradation and minimum pressure drop needs more focus and research in the future. In addition, slit and spiral fins have received little attention in the past four decades compared to plate, louvered, and wavy fins. Thus, further research is needed in order to get deep understanding of their thermal performance.
On the other hand, vortex generators have received great attention. Nevertheless, an optimization for several interacting parameters is needed to get the optimum design. Few thermal optimization works were done considering the location, angle of attack, and the shapes of VGs, but their results are valid for specific configurations (round, flat, etc.). Thus, general optimization should be conducted dealing with several types of VGs, louvered fin parameter, and wavy fin to fill this gap.
In addition, more works are needed to develop the thermal-hydraulic correlations for compact HEs with vertical and horizontal tubes of different shapes. Most of the researches focused on the investigation of heat transfer and pressure drop for circular tubes of various sizes. However, other shaped tubes such as elliptical and flat need more research in the future. Studies on serpentine and helically coiled tubes seem good idea to enhance heat transfer characteristics of compact HEs. However, the research works on these tubes are limited. Hence, more researches should be done in the future. Conducting numerical simulations of heat transfer and pressure drop in compact HEs is still a challenging task due to the complexity of the HE geometries.
Conclusions
This paper attempted to overview the experimental and numerical studies relevant to fin-and-tube heat exchangers. The review concentrated on the convection heat transfer enhancement methods (vortex generators, extended surfaces, dimple), the effects of tube parameters (tube diameter, tube pitch, number of tube rows), and fin parameters (fin thickness, fin material, and fin thickness). Based on the reviewed papers, the main conclusions of this work are outlined as follows:
• From all experimental and numerical works, increasing the fluid velocity results in an increase in the heat transfer and pressure drop characteristics regardless of the tube shape (round, flat and elliptical) and the tube configuration (in-line and staggered). • Vortex generators increase the velocity and the heat transfer rate significantly particularly in the region behind the tube. A further enhancement is achieved with a large angle of attack. • Louvered and slit fins disturb the development of the boundary layer by cutting and initiating a new boundary layer over the moving fluid, which results in a considerable increase in the heat transfer coefficient. • Dimple tubes on the fin and tube, vortex generators, and wavy fin create a secondary flow. The secondary flow increases the turbulent mixing and intensity of the flow and therefore yields an enhancement in the thermal performance. • Flat tube heat exchangers provide higher heat transfer, low-pressure drop and low noise level compared to circular tube heat exchangers. Moreover, they require less material to get the same output. Thus, most of HVAC&R systems implement flat tube rather than a circular rube. • Regardless of any other geometrical factors, most of the researchers revealed that staggered arrangement provides higher heat transfer enhancement compared with the inline arrangement. • Heat transfer coefficient can be enhanced by reducing the number of tube rows, and the impact of tube row become very limited for the number of tube rows greater than four. Furthermore, the impact of the number of tube rows higher for plate fin is compared to louvered and slit fins. • Numerous researchers have performed experimental and numerical studies to examine the effect of fin pitch on the thermal hydraulic performance of finned and tube heat exchangers. Most of the researchers showed that heat transfer factor tends to increase with increasing fin pitch. But, a few revealed that fin pitch has no considerable effect on both heat transfer and friction factors. • The thermal performance enhances with the increase in fin pitch, while fin material has an inconsiderable influence on the heat transfer and pressure drop.
